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Summary
Convergent evidence demonstrates that adult hu-
mans possess numerical representations that are in-
dependent of language [1–6]. Human infants and non-
human animals can also make purely numerical
discriminations, implicating both developmental and
evolutionary bases for adult humans’ language-inde-
pendent representations of number [7, 8]. Recent evi-
dence suggests that the nonverbal representations of
number held by human adults are not constrained by
the sensory modality in which they were perceived
[9]. Previous studies, however, have yielded conflict-
ing results concerning whether the number represen-
tations held by nonhuman animals and human infants
are tied to the modality in which they were estab-
lished [10–15]. Here, we report that untrained mon-
keys preferentially looked at a dynamic video display
depicting the number of conspecifics that matched
the number of vocalizations they heard. These find-
ings suggest that number representations held by
monkeys, like those held by adult humans, are unfet-
tered by stimulus modality.
Results and Discussion
If nonverbal number representations are independent
of stimulus modality, prelinguistic human infants and
nonlinguistic animals should be able to detect the nu-
merical correspondence between sets of entities pre-
sented in different sensory modalities. In other words,
even without linguistic coding, infants and monkeys
should appreciate the correspondence between, for ex-
ample, three dog barks and three wags of a tail. Data
from studies concerning this prediction, however, are
controversial. Starkey and colleagues tested whether
infants detect numerical correspondences between vi-
sual and auditory stimuli by presenting side-by-side
slides of two or three household objects while a hidden
experimenter hit a drum two or three times [10, 11].
Infants preferentially looked toward the visual display*Correspondence: brannon@duke.edu (E.M.B.); asifg@princeton.
edu (A.A.G.)
4Present address: Department of Psychology, Green Hall, Prince-
ton University, Princeton, New Jersey 08544.that numerically matched the number of drumbeats.
Unfortunately, other researchers had difficulty replicat-
ing these results, finding in some cases no preference
for the matching visual array and in others a reverse
preference for the nonmatching array [12, 13].
The few laboratory studies of crossmodal number
representation in animals have also yielded conflicting
results. Church and Meck found that rats trained to
discriminate two from four sounds or light flashes later
responded to compound cues of two lights and two
sounds as if four events had occurred, suggesting that
rats can transfer numerical representations across mo-
dalities [14]. Yet, when Davis and Albert trained rats to
discriminate three sequentially presented sounds from
two or four sounds and then exposed rats to se-
quences of two, three, and four lights, they found no
evidence that the rats transferred their auditory numeri-
cal discrimination to the visual modality [15]. The Davis
and Albert [15] results raise the possibility that the rats
in the Church and Meck study [14] made a dichoto-
mous discrimination that was purely intensity based
(i.e., they equated the less-intense sound with the less-
intense light).
Field playback studies have yielded suggestive evi-
dence that animals predict the number of intruders they
expect to see on the basis of the number of vocalizing
intruders they hear. In these studies, the probability that
an animal from a focal group will approach a speaker
emitting vocalizations from foreign conspecifics de-
pends on the relationship between the number of vo-
calizing foreign animals and the number of animals pre-
sent in the focal group [16, 17]. For example, McComb
and colleagues found that lions were more likely to ap-
proach a speaker emitting the roar of a single unfamiliar
lion than a chorus of three unfamiliar lions, suggesting
that lions decide whether to defend their territory on
the basis of the perceived number of intruders [16].
However, such studies did not control for all possible
nonnumerical auditory cues that covary with number
(e.g., some aspects of duration), leaving open the ques-
tion of whether the calculations made by the animals
were in fact based on number. Thus, the existence of
evolutionarily primitive, modality-independent, non-
verbal numerical representations remains an open
question.
Here, we explicitly test whether rhesus monkeys (Ma-
caca mulatta) match the number of animals they see
with the number of vocalizations they hear. To test this,
we employed a preferential-looking paradigm that has
been used extensively with human infants. Both infants
and monkeys prefer to look at the visual stimulus that
matches the auditory stimulus they hear [18–22]. For
example, when either human infants [19] or rhesus
monkeys [21] hear a conspecific vocalization, they look
preferentially at a face that articulates the vocalization
they hear in comparison with a face that articulates a
different vocalization. Given the established social ex-
pertise of nonhuman primates [23–26] and the sugges-
tion that wild animals use the number of vocalizations
they hear to make defensive decisions [16, 17], we ex-
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context would increase the probability of successful
matching across stimulus modalities. We specifically
tested whether monkeys would preferentially attend to
dynamic visual displays featuring the number of unfa-
miliar conspecifics they simultaneously heard vocaliz-
ing (Figures 1A and 1B).
We chose to test discrimination between the quanti-
ties two versus three because these were the quantities
used in all previous studies of this sort with human in-
fants [10–13]. Each of 20 subjects was seated in front of
two liquid crystal display (LCD) monitors and a hidden
speaker located between the monitors. One monitor
displayed a dynamic 1 s video of two simultaneously
vocalizing monkey faces, and the other monitor dis-
played a dynamic 1 s video of three simultaneously vo-
calizing monkey faces. Each video played in a con-
tinuous loop for 60 s. The two videos contained two
common animals such that the two-animal display was
a subset of the three-animal display (Figure 1A). Videos
were edited so that the onset and offset of all individ-
uals’ mouth movements were synchronous. Synchro-
nously with the videos, subjects heard either two or
three of these monkeys simultaneously producing coo
calls. Three different stimulus sets were used (each
composed of one two-animal display and one three-
animal display). Sets 1 and 2 contained female rhesus
monkeys (at Duke University), whereas set 3 contained
male monkeys (from the Max Planck Institute for Bio-
logical Cybernetics) that had long been deceased and
were thus unknown to the subjects. Individual coos
were equated for duration, and composite auditory stim-
uli were equated for amplitude (Figure 1B). Because all
visual and auditory components were identical in duration
and synchronized, the subjects could not use amodal
cues (such as rate) to make a match. All trials were re-
corded on digital video tape and later acquired and
scored blind by independent observers. Thus, our para-
digm addressed whether monkeys would spontane-Figure 1. Faces and Voices during Concur-
rent Coo Vocalizations
(A) Still frames extracted from a stimulus set
used in Experiment 1.
(B) Coo vocalizations are tonal, harmonically
rich calls produced in affiliative contexts.
The first panel shows the time-amplitude
waveforms of the coo vocalizations from the
individuals depicted in (A). The second panel
shows the distinct but overlapping power
spectra of the concurrent coos. The spectra
were smoothed with a linear predicitive cod-
ing (LPC) filter in Praat 4.2 (www.praat.org)
for display purposes only.ously preferentially attend to a visual stimulus that was
numerically equivalent to the number of coo calls they
heard. Because the two or three coo calls were heard
concurrently, this pattern of looking would also demon-
strate auditory-stream segregation of the voices.
Monkeys spent a greater proportion of time looking
at the display that numerically matched the number of
vocalizers they heard than at the numerically non-
matching display. Monkeys looked at the matching dis-
play for 60% of the total time that they spent looking at
either screen; this proportion differed significantly from
chance [t(19) = 3.00, p < 0.01] (Figure 2A). On average,
monkeys looked at the matching display for 14.2 ± 2.0 s
and the nonmatching display for 9.2 ± 1.2 s (Figure 2B). A
2 (match versus nonmatch) × 2 (two sounds versus
three sounds) × 3 (stimulus set 1, 2, or 3) analysis of
variance (ANOVA) revealed that the monkeys looked
longer at the numerically matching display than at the
nonmatching display [F(1,15) = 7.5, p < 0.02] and that
there were no other main effects or interactions. Thus,
the effect held both for the monkeys who heard two
calls and for the monkeys who heard three calls. Finally,
15 out of the 20 monkeys tested looked longer at the
matching display than at the nonmatching display [p <
0.022, sign test] (Figure 2C).
These results suggest that rhesus monkeys segre-
gated two or three simultaneously presented vocaliza-
tions and detected the numerical correspondences be-
tween the calls they heard and the vocalizing faces they
saw. Importantly, because we used a between-subjects
design (see Experimental Procedures), each monkey
experienced only one trial and heard only the two- or
only the three-composite call stimulus—not both. Thus,
the subjects could not have learned to map the more
intense or the more complex auditory stimulus to the
more intense/complex visual stimulus. Previous studies
with human infants have fallen prey to this argument
because they used a within-subject design; infants
consequently heard two- and three-sound stimuli and
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1036Figure 2. Monkeys Match Number of Faces
with Number of Voices
(A) The mean percentage (± standard error of
the mean [SEM]) of total looking time spent
looking at the matching video display; the
dotted line indicates chance expectation.
(B) The mean duration (± SEM) of time spent
looking at the match versus the nonmatch
displays.
(C) A significant proportion of subjects looked
longer at the match than the nonmatch.saw two- and three-element arrays in a single session r
tand could have learned to match the more intense/
complex stimuli in each modality. In contrast, our de- n
psign provided no basis for learning to match more in-
tense/complex stimuli within the experimental setting. b
tControlling for auditory cues that often covary with
number also made it unlikely that monkeys could use a p
tpriori expectations to spontaneously map two (or three)
sounds to a continuous property of the visual stimulus T
o(e.g., calls of this amplitude are usually paired with a
certain surface area of monkey face). Furthermore, be- m
tcause the visual and auditory components were iden-
tical in duration and synchronized, the monkeys could t
qnot have used rate, duration, or synchrony cues as a
basis for matching. It was also not possible to match r
gauditory to visual stimuli on the basis of the presence
or absence of a particular individual monkey because e
tall stimulus animals were unknown to subjects. From
these data, we posit that, without any explicit training, m
srhesus monkeys (A) can represent the equivalence be-
tween the number of voices they hear and the number s
sof faces they see and (B) are capable of concurrent-
stream segregation of voices with overlapping spectra F
oat a level comparable to that of humans [27, 28].
Our experimental design was motivated by an intu- n
iition that a monkey would be more likely to numerically
match across modalities if the problem were made so- c
gcioecologically relevant. The nonarbitrary connection
between our visual and auditory stimuli is in direct con- u
trast to all previous studies with human infants [10–13].
These earlier studies used either slides of randomly se- E
lected household objects [10–12] or black dots [13] and
Spaired them with sequential drumbeats. Our results
Wsuggest the possibility that this experiment succeeded
a
because it tapped a socioecologically relevant scenario C
[23, 24, 29]. In their everyday lives, gregarious and terri- c
atorial animals would be aided by the ability to segregate
moverlapping vocal signals and predict the number of
cindividuals they will likely encounter on the basis of the
(number of individuals heard [16, 17]. However, it is im-
6
possible to conclusively state that the social nature of
the stimuli in our experiment was critical for numerical S
matching; it is possible that any nonarbitrary auditory- T
visual pairing of stimuli familiar to the subjects may also s
wbe effective (e.g., an impact sound synchronized with
adynamic videos of variable numbers of fruits hitting
nthe ground).
o
pConclusions a
The results of our experiment suggest three important s
aconclusions. First, rhesus monkeys recognize the cor-espondence between three (or two) vocalizations and
hree (or two) faces; this spontaneous, multisensory
umber representation in nonhuman animals is an im-
ortant, clear parallel to adult-human nonverbal num-
er representations [9]. Second, these results suggest
hat rhesus monkeys can segregate simultaneously
resented conspecific coo vocalizations, even though
he power spectra of the calls are highly overlapping.
his capability is on par with the perceptual separation
f voices by humans via pitch differences (i.e., funda-
ental frequency) and harmonicity [27, 30]. This is no-
able because a previous study found that highly
rained monkeys could discriminate concurrent se-
uences of artificial sounds only when their frequency
anges did not overlap [31]. Last, our results also sug-
est that the use of auditory and visual stimuli that are
cologically relevant and/or have nonarbitrary associa-
ions may be important for subjects to detect the nu-
erical correspondence between modalities. Future
tudies should attempt to determine whether it is the
ocial or more generally the nonarbitrary nature of the
timuli that allows for crossmodal numerical matching.
uture studies should also extend this paradigm to
ther numerical values, which may help determine the
umerical representational system underlying this abil-
ty [8]. Regardless, these data strongly support the
ontention that monkeys share with adult humans lan-
uage-independent number representations that are
nfettered by stimulus modality.
xperimental Procedures
ubjects
e tested 20 male rhesus macaques (age range: 4–13 years) from
large colony housed at the Max Planck Institute for Biological
ybernetics. All monkeys tested looked at both screens during the
ourse of the 60 s trial and were therefore all included in the final
nalyses. Animals are socially housed and provided with enrich-
ent objects (toys, hammocks, ropes, etc.). All experimental pro-
edures were performed in accordance with the local authorities
Regierungspraesidium) and the European Community (EUVD 86/
09/EEC) for the care and use of laboratory animals.
timuli
he stimuli were digital video recordings of seated rhesus monkeys
pontaneously producing coo vocalizations. Two stimulus sets
ere based on videos of female monkeys from Duke University,
nd one stimulus set was based on 3-year-old digital videos of
ow-deceased male monkeys from the Max Planck Institute for Bi-
logical Cybernetics. These videos were then acquired onto a com-
uter and manipulated as needed in Adobe Premiere 6.0 (www.
dobe.com). We extracted the audio track from the digital video
amples. Calls were sampled at 32 kHz and normalized to the peak
mplitude, and then two of the three calls were temporally ex-
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1037panded to match the call of the longest duration; the two corre-
sponding videos were also expanded accordingly. The fundamental
frequencies of the calls within a stimulus set did not overlap. We
constructed two- or three-call tracks by mixing them down in
Adobe Audition 1.0 (www.adobe.com) and then equating their
average root mean square (RMS) power.
Stimulus Presentation and Testing Procedure
The “two” versus “three” visual stimuli were played simultaneously
on side-by-side 15 inch LCD monitors (Acer FP559, www.global.
acer.com). Audio tracks were synchronized with both videos and
played through a hidden speaker (a self-powered Advent AV750
speaker) placed directly between and slightly behind the monitors.
The RadLight 3.03 Special Edition software video player (www.
radlight.net) was used to play the videos in synchrony. Sounds
were presented at an intensity of 72–75 dB (A-weighted) SPL as
measured with a Brüel & Kjær 2238 Mediator sound-level meter
(www.bksv.com) at a distance of 72 cm. For testing, a subject was
brought to the testing room and placed in front of the two monitors
at a distance of 72 cm. The monitors were 65 cm apart (center-to-
center distance) and at eye-level with the subject. All trials were
videotaped with a digital video camera placed above and between
the monitors. All equipment, except for the monitor screens and
the lens of the camera, was concealed by a thick black curtain. The
experimenter monitored subject activity from outside of the room.
During this time, the subject’s attention was directed to the center
by the flashing of a 1.2 W light placed centrally between the two
monitors. A test session began when the subject looked centrally.
A trial consisted of the two videos played in a continuous loop for
60 s with one of the two sounds also played in a loop through the
speaker. The left-right position of the two dynamic visual stimuli
was counterbalanced. Each subject was only tested once, and all
trials were recorded on digital video. We used a between-groups
design because, as in all studies that examine the spontaneous
behavior of animals and prelinguistic human infants, the subjects
quickly habituate to the testing environment [21, 22]. No reward or
training was provided.
Video Scoring
We collected high-quality, close-up digital videos of the subjects’
behavior with a JVC GR-DVL805 digital camera (www.jvc.com). Vid-
eos were acquired at 30 frames/s (frame size: 720 × 480 pixels)
onto a PC via an IEEE 1394a input and Adobe Premiere 6.0 soft-
ware (www.adobe.com). The audio tracks were acquired at a 32
kHz sampling rate and 16-bit resolution. Clips for analysis were
edited down to 60 s, starting with the onset of the auditory track.
The total duration of a subject’s looking toward each video (left
or right) was recorded and expressed as the proportion of total
time spent looking at either screen. Scoring which of the screens
the monkey subject was looking toward was absolutely unambigu-
ous. The screens were far apart in the horizontal dimension, fairly
close to the monkey’s face and at eye level. Thus, the monkey had
to make large eye and head movements to look to one screen or
the other, and it was similarly clear when he was not looking at
either screen. To validate this, 50% of videos were scored by a
second observer blind to the experimental condition in order to
determine interobserver reliability, which was 0.952 (p < 0.0001) as
measured by a Pearson r test.
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